D
ifferential gene expression occurs in a variety of pathophysiological conditions of the central nervous system, including neurodegeneration, neurotrauma, and ischemia. Various mRNAs are expressed in a given cell at any given time, and changes in relative mRNAs and their levels may have important implications in the development of pathophysiology. Therefore, elucidation of differentially expressed genes is critical for understanding of the molecular mechanisms involved in normal and pathological states as well as providing for new molecular targets that can be pharmacologically manipulated for drug development.
Focal brain ischemia represents a pathophysiological condition that modulates gene expression and function in the brain. A number of genes have been identified for their increased expression in focal stroke, including early response genes (peak induction at 1 to 3 hours) such as c-fos and zif268, 1 intermediate response genes (peak induction at 6 to 12 hours) such as TNF-␣ and interleukin-1␤, [2] [3] [4] and delayed response genes (induced after 2 days) such as TGF-␤ and interleukin-1 receptor II, 5, 6 by means of Northern blot analysis, quantitative reverse transcription-polymerase chain reaction, RNase protection assays, and in situ hybridization/immunohistochemical See Editorial Comment, page 520 studies, all these techniques for the investigation of known genes. Identification of these changes has helped to provide an increased understanding of ischemic brain injury. However, more information is required. To better understand and further extend knowledge on de novo gene expression induced by ischemia, other techniques, including differential hybridization, subtractive library screening, and mRNA differential display, are required, especially for novel gene discovery. In fact, the mRNA differential display technique has been successfully applied in novel gene discovery in focal stroke. 7 However, mRNA differential display is primer dependent and may have difficulty providing an overall gene expression profile. Comparatively, other techniques, such as subtractive cDNA library screening, are likely to reveal overall altered gene expression. Moreover, subtractive cDNA library screening has been proved to be a powerful method for identification of differentially expressed genes, 8 although it has not yet been applied to stroke research. Therefore, in the present study we applied modified cDNA subtraction procedure 9 and constructed a subtractive cDNA library of ischemic and nonischemic mRNA obtained 2 and 12 hours after permanent MCAO in rats. As illustrated in this work, a cDNA clone encoding TIMP-1 was identified with use of this subtractive cDNA library approach. Since TIMP-1 is known to be involved in remodeling of extracellular matrix by preferential inhibition of MMPs in diverse conditions such as wound healing/scar formation, angiogenesis, and cancer metastasis, the induced expression of TIMP-1 mRNA in ischemic cortex suggests a role for TIMP-1 in the brain's response to ischemia. 
Materials and Methods

Focal Brain Ischemia
Cerebral focal ischemia or sham surgery was carried out by MCAO in male spontaneously hypertensive rats (Taconic Farms, Germantown, NY) 16 to 18 weeks of age and weighing 250 to 330 g, as described in detail previously. 10 Briefly, the MCA was permanently occluded and cut dorsal to the lateral olfactory tract at the level of the inferior cerebral vein by use of electrocoagulation (Force 2 Electrosurgical Generator, Valley Laboratory Inc). For temporary MCAO with reperfusion, the MCA was lifted from the brain surface to occlude blood flow for 160 minutes and then reperfused as described in detail previously. 11 In sham-operated rats the dura was opened over the MCA, but the artery was not occluded. Rats were overdosed with pentobarbital, and their forebrains were removed and dissected at various times after permanent MCAO or after temporary MCAO with reperfusion and at 12 hours and 5 days after sham surgery. The ischemic frontoparietal cortex was dissected from the ipsilateral hemisphere. The contralateral cortex was dissected as the nonischemic control from the same rat. 10 The cortical samples were immediately frozen in liquid nitrogen and stored at Ϫ80°C.
RNA Preparation
Total cellular RNA was prepared by homogenizing brain cortical samples in an acid guanidinium thiocyanate solution and extracted with phenol and chloroform as previously described. 12 For subtractive cDNA library construction, poly(A)ϩ mRNA was extracted with an oligo(dT) cellulose column from total cellular RNA isolated from ischemic and nonischemic cortexes of 50 animals at 2 and 12 hours after permanent MCAO.
Subtractive cDNA Library Construction
The procedure for subtractive cDNA library construction, basically following one previously reported 9 with specific modifications, is illustrated schematically in ) and incubated at 37°C for 90 minutes. The reaction mixture was then heated at 90°C for 3 minutes and rapidly cooled on ice. The RNA dissociated from the cDNA-oligotex-dT was removed by microcentrifugation. The precipitate was washed with 400 L 10 mmol Tris-HCl, pH 8.0, 1 mmol EDTA (TE), centrifuged, and dissolved in 100 L TE containing 100 g (dA) 30 (dG) 10 oligodeoxynucleotide. The suspension was heated at 65°C for 5 minutes, then 20 L 3 mol/L NaCl was added, followed by incubation at 37°C for 10 minutes to cover the free oligo(dT) residues on the oligotex-dT. The excess (dA) 30 (dG) 10 was removed by centrifugation and saved for later use. The precipitate was dissolved in 200 L 1.25ϫ hybridization buffer (12.5 mmol/L Tris-HCl, pH 7.5; 125 mmol/L NaCl; 1.25 mmol/L EDTA; 0.125% SDS; 2 g oligo(dT) [12] [13] [14] [15] [16] [17] [18] ); 4 g poly(A)ϩ RNA isolated from 2-and 12-hour ischemic cortex in 50 L water was then added and the mixture hybridized at 55°C for 20 minutes. The reaction mixture was centrifuged at room temperature for 10 minutes, and the supernatant (containing the subtracted mRNA) was saved at 4°C. The precipitate was dissolved in 400 L TE, heated at 90°C for 3 minutes and cooled on ice, then centrifuged at 4°C for 10 minutes to removed the RNA. The cDNA-oligotex-dT precipitate was dissolved again in TEcontaining (dA) 30 (dG) 10 , and the subtractive hybridization was repeated an additional six times.
The subtractive mRNA was used for cDNA library construction. The first and second strand of cDNA was synthesized with use of a cDNA cycle kit for RT-PCR (Invitrogen) according to the manufacturer's specifications. An EcoRI adapter was ligated onto the cDNA, and fractions of the cDNA larger than 400 bp were collected, digested with EcoRI enzyme, and ligated into ZAP vector (EcoRI sites) (Stratagen) according to the manufacturer's specifications.
Differential Southern Blot Analysis
The expression sequence tags of the subtractive cDNA library was determined robotically by Human Genome Sciences, Inc, and a panel of samples from this library was further analyzed in the present report. The differential expression of these cDNAs in the ischemic cortex was confirmed by Southern blot analysis. Briefly, miniprep DNA was digested with EcoRI to release the cDNA insert from the plasmid and analyzed by agarose gel electrophoresis. Southern hybridization was carried out as described in detail previously, 13 except that the probe was generated by reverse transcription reaction using poly(A)ϩ mRNA isolated from either 2-and 12-hour ischemic cortex (for the ischemic probe) or the nonischemic cortex (for the nonischemic probe). SuperScript II RNase H -reverse transcriptase was used for this 
Northern Blot Analysis
For Northern blot analysis, 30 g/lane total cellular RNA was electrophoresed through formaldehyde agarose gel and transferred to a GeneScreen Plus membrane (Du Pont-New England Nuclear). cDNA fragment for TIMP-1 was released from the plasmid and gel purified. rpL32 cDNA was generated by RT-PCR as described previously. 6 The cDNA probes were uniformly labeled with [␣-32 P]dATP (3000 Ci/mmol, Amersham Corp) using a randompriming DNA labeling kit (Boehringer Mannheim). Hybridization and washing were performed as described in detail previously.
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Statistical Analysis
Statistical evaluation was performed with four complete sets of cortical samples from each time point by use of one-way ANOVA followed by a Fisher protected t test. The results are expressed as meanϮSE. Significance was accepted for PϽ.05 by comparing the relative mRNA levels in the ischemic cortex with the sham-operated cortex.
Results
DNA sequencing analysis was used to identify clones present in the subtractive cDNA library. The expression sequence tag was determined for each clone and subjected to a computer database search. A panel of clones was selected for further analyses. The plasmid DNA of these clones was isolated and digested with restriction enzyme (EcoRI) to release the cDNA insert. Comparative Southern hybridization (Fig 2) , using probes generated at 2 and 12 hours after ischemic and nonischemic injury, revealed that TIMP-1 and c-fos were markedly induced in the ischemic condition compared with the nonischemic. The increased expression of c-fos mRNA in the ischemic cortex has been demonstrated previously, 1 and the present work is in agreement with previous data. Actually, the positive signal for c-fos mRNA expression represents its induced expression at 2 hours after MCAO, 1 whereas the signal for TIMP-1 is for 12 hours after stroke (see below). The induced expression of TIMP-1 has not been previously reported. Therefore, the full-length DNA sequence for TIMP-1 cDNA was carried out and confirmed its sequence identity.
The temporal expression of TIMP-1 mRNA in ischemic cortex was examined. A representative autoradiograph of Northern blotting for TIMP-1 mRNA expression in the focal ischemic and nonischemic cortex and in sham-operated cortical samples is illustrated in Fig 3A. The quantitative data for TIMP-1 mRNA (nϭ4), after normalizing to a housekeeping gene, rpL32, are summarized graphically in Fig 3B. ShamFigure 2 . Southern blot analysis of cDNA clones identified by the subtractive cDNA library. DNA sequencing analysis was carried out and used for computer database search against GenBank. Plasmid DNA was prepared and digested with EcoRI restriction enzyme (unless specified for some clones), and then analyzed by gel electrophoresis, transferred to a nylon membrane, and subjected to Southern blot analysis. A, Ethedium bromide staining of the agarose gel. B, Southern blot hybridization of the membrane with a probe generated from 2-and 12-hour ischemic cortex (see "Materials and Methods" for details). C, Southern blot analysis of the same membrane with a probe generated from 2-and 12-hour nonischemic cortex. operated samples were taken at 12 hours after surgery. As shown in Fig 3, only a low level of TIMP-1 mRNA was detected in the sham-operated animals or in the contralateral (nonischemic) cortex, as well as in the early time points of the ipsilateral (ischemic) cortical samples. The level of TIMP-1 mRNA was significantly elevated at 12 hours (2.9-fold increase over control; PϽ.001) and reached a peak level at 2 days (7.3-fold increase; PϽ.001) in the ischemic cortex after permanent MCAO (Fig 3) . The expression profile of TIMP-1 mRNA revealed a similar pattern in the ischemic cortex after temporary MCAO with reperfusion (Fig 4) . A significant induction of TIMP-1 mRNA was not observed until 12 hours after reperfusion (a 2.5-fold increase; PϽ.001, nϭ4) and was sustained up to 2 days (3.0-fold increase; PϽ.001).
Discussion
The present work illustrates the application of the subtractive cDNA library screening strategy for the cloning of altered gene expression after focal stroke. The identification of TIMP-1 expression in focal stroke represents the first successful application of this methodology, as previously demonstrated in other systems, 8 for the discovery of differential gene expression in stroke. Compared with other techniques, such as mRNA differential display 14 and representational difference analysis, 15, 16 the major advantage of subtractive cDNA library screening is its reproducibility for identifying differentially expressed genes, whereas its disadvantage is the bias on these of abundantly expressed messages. To minimize this potential problem, multiple cycles of subtractions were applied in the present work, which allowed us to enrich some of the low abundant mRNAs. Moreover, the subtraction may be combined with PCR for the identification of differentially expressed genes, such as representational difference analysis. 15, 16 Also, mRNA differential display, another PCR-based technique, may be used to isolate abundant and rare messages that are differentially expressed.
TIMP-1 is a specific inhibitor for a group of zinc-dependent proteolytic enzymes known as MMPs, particularly for MMP-1, MMP-2, MMP-3, and MMP-9. MMPs and TIMPs have been widely implicated in the process of tissue remodeling under pathological conditions such as wound healing/scar formation, angiogenesis, and cancer metastasis. Focal brain ischemia elicits a robust inflammatory reaction marked by significant leukocyte infiltration, along with disruption and reconstruction of the extracellular brain matrix. [17] [18] [19] The induced expression of MMP-2 (gelatinase A) and MMP-9 (gelatinase B) and their increased proteolytic activities have been demonstrated previously in focal stroke. 20 Maximal induction of MMP-9 and its activity were observed at 12 hours to 5 days after ischemic injury, whereas MMP-2 remained the same in both ischemic and nonischemic tissue until 5 days after injury. 20 Interestingly, the present demonstration of the induction of TIMP-1 mRNA after focal stroke is remarkably parallel to that of MMP-9. 20 Therefore, the induced expression of TIMP-1 at the precise time frame of MMP-9 may serve to inhibit or attenuate this MMP action. This possibility, however, awaits further clarification when reagents capable to selectively inhibit TIMP-1 become available. The factors that regulate TIMP-1 gene expression in focal stroke are as yet unknown. However, previous in vitro studies have demonstrated that the synthesis of TIMP-1 is regulated by cytokines and growth factors, most notably IL-1, IL-6, IL-10, TNF␣, and TGF␤. [21] [22] [23] [24] [25] [26] It is interesting to note that the expression of these cytokines after ischemia is concomitant with the upregulation of TIMP-1 after ischemic injury. [1] [2] [3] [4] [5] In conclusion, the present study demonstrated a successful application of subtractive cDNA library strategy for discovery of altered gene expression in focal stroke. The elevated expression of TIMP-1 along with MMPs after ischemic injury may suggest that MMP inhibitors play a role in matrix remodeling at specific time points after brain injury. 
E d i t o r i a l C o m m e n t
A variety of molecular approaches have been developed for determining the differential expression of genes in many pathologic processes. Discovering potential changes in gene expression may yield valuable insight into disease mechanisms, as a number of the induced genes may play significant roles in the disease process. Wang and colleagues have made a significant advance in the characterization of genes that are increased after focal permanent occlusion of the middle cerebral artery. Using subtractive hybridization techniques comparing ischemic and nonischemic cortex 2 and 12 hours after occlusion, they identified a cDNA that encodes for tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) as a major induced gene following permanent focal ischemia. Time-course studies indicate that TIMP-1 is induced three-fold over control and reaches a peak at 2 days after occlusion. Similar results were found in the temporary reperfusion model. The authors present data on 11 of the differentially expressed clones. TIMP-1 and cFOS are the most robust clones identified whose expression patterns change after focal occlusion; however, clone No. 6, which is novel, also appears to change. The significance of this change is not known. Identification of genes like this may yield novel targets for potential therapeutic intervention if the upregulated or downregulated proteins are found to play a role in the neuronal damage accompanying stroke.
What might be the therapeutic implications of this work? TIMP-1 is a specific inhibitor of a group of zinc-dependent proteolytic enzymes designated the metalloproteinases (MMP). 1 MMP-2 and MMP-9 are upregulated after focal stroke and are thought to play a role in blood-brain-barrier disruption, thus facilitating the inflammatory reaction and leukocyte infiltration that accompanies stroke. 2 Upregulation of TIMP-1 may act to modulate the function of MMP-2 and MMP-9. Augmentation of the function or expression of TIMP-1 might reduce the breakdown of the blood-brain barrier and diminish the secondary wave of neuronal injury that follows the initial insult of occlusion.
Exciting times are ahead as new genes are identified, whose levels go up and down after stroke. It will be a major challenge, but also a significant opportunity, to identify the key players in the hopes of identifying potential targets that might be useful therapeutically.
